Abstract. collagen peptides (cPs), derived by hydrolyzing collagen with chemicals or enzymes, are often used as functional materials, due to their various bioactivities and high bioavailability. A previous study by our group reported that collagen from soft-shelled turtle, Pelodiscus sinensis, induces keratinocytes to undergo epithelial-mesenchymal transition and facilitates wound healing. Therefore, cPs derived from soft-shelled turtle collagen may have useful effects on the skin. In the present study, the functional effects of cPs on human skin were examined by analyzing cP-treated human keratinocytes with a shotgun liquid chromatography/mass spectrometry-based global proteomic approach. A semi-quantitative method based on spectral counting was applied and 211 proteins that exhibited >2-fold changes in expression after cP treatment were successfully identified. Based on a Gene Ontology analysis, the functions of these proteins were indicated to be closely linked with protein processing. In addition, CP treatment significantly increased the expression of calpain-1, a calcium-dependent intracellular cysteine protease. Furthermore, cP-treated keratinocytes exhibited elevated interleukin (IL)-1α and IL-8 expression and reduced IL-6 expression. cPs also induced the expression of proteins implicated in cell-cell adhesion and the skin barrier. Therefore, CPs from soft-shelled turtle may provide significant benefits for maintaining the biological environment of the skin, and may be useful as components of pharmaceuticals and medical products.
Introduction
collagen is a ubiquitous structural protein. There are more than 20 different types of collagen, with specific functions in each tissue (1, 2) . These proteins have important roles in the maintenance of the extracellular matrix environment (3) (4) (5) (6) (7) . certain studies have demonstrated that collagen regulates cell proliferation or apoptosis (8, 9) . In this decade, collagens of marine origin (e.g., fish, sponges and mollusks) have been considered a useful resource due to their high availability (10) (11) (12) (13) (14) (15) (16) (17) . These collagens have been widely used as functional foods or dietary supplements. collagen has also been used for skin substitutes and drug delivery vehicles (18) (19) (20) (21) (22) (23) .
Recently, collagen peptides (cPs), derived from chemical and enzymatic collagen hydrolysis (24, 25) , have been increasingly used as functional materials, due to their various bioactivities and high bioavailability (26, 27) . Several studies have demonstrated the beneficial effects of CPs. For instance, CPs derived from fish skin were demonstrated to have several protective effects on skin photo-aging and wound healing, as they improved moisture retention and repaired endogenous collagen and elastin protein fibers (28) (29) (30) (31) (32) . Therefore, CPs are considered a useful material for the development of cosmetics, pharmaceuticals and medical products.
Previous studies by our group reported that tissue from soft-shelled turtle, Pelodiscus sinensis, may be a useful alternative source of collagen (33) . due its ability to induce keratinocytes to enter the epithelial-mesenchymal transition (EMT), which facilitates wound healing, this collagen may be a useful component of pharmaceuticals and medical products (34) . Furthermore, cPs from soft-shelled turtle may have beneficial effects on skin. However, due to differences in habitat environments, collagen from soft-shelled turtle may differ greatly from collagen from mammalian or marine sources, in terms of physicochemical properties, amino acid composition and physiological functions. Therefore, further research is required prior to the use of cPs derived from soft-shelled turtle tissue in commercial products.
In the present study, a shotgun liquid chromatography/mass spectrometry (Lc/MS)-based global proteomic analysis of human keratinocytes treated with cPs was performed to examine the functional effects of cPs on human skin. A total of 211 differentially expressed proteins was identified in keratinocytes treated with cPs compared with untreated keratinocytes. It was investigated whether any of these proteins may be involved in the induction of inflammatory factors in human skin.
Materials and methods
Chemicals and reagents. The highest-grade chemicals and reagents available were purchased from Wako Pure chemical Industries (Osaka, Japan). Emperor tissue, a soft tissue in the region around the shell of soft-shelled turtles (P. sinensis), was provided by Shin-uoei, Inc. (Osaka, Japan).
Collagen extraction. collagen extraction was performed as described in a previous study (33) . In brief, emperor tissue was treated with 0.1 M formic acid at a ratio of 1:10 (w/v) for 24 h for demineralization. The sample was then treated with 0.1 M NaOH at a ratio of 1:10 (w/v) for 3 days to remove non-collagenous proteins, including endogenous proteases. The NaOH solution was changed every day. Finally, the sample was incubated with 0.03 M citric acid for 24 h. After the incubation, the solution was centrifuged at 6,500 x g for 20 min at 4˚C, and the supernatant was collected. This collagen solution was used in the subsequent experiments.
Tryptic digestion of collagen. The extracted collagen solution was subjected to proteolytic activation with bovine pancreatic trypsin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in 100 mM ammonium bicarbonate buffer (pH 8.0). The collagen was incubated with trypsin at a trypsin/collagen ratio of 1:100 (w:w) at 37˚C. At each indicated time-point, reaction solutions were quickly removed and heated to 100˚C to terminate trypsin digestion.
Tricine-SDS-PAGE. The molecular weights of the tryptic digestion products were determined with tricine-SDS-PAGE, as described previously (35) . For comparison, molecular weight markers ranging from 3.5 to 42 kda (Wako Pure chemical Industries) were used. The electrophoresed gel was stained with coomassie brilliant blue at room temperature for 1 h.
Matrix-assisted laser desorption-time of flight/mass spectrometry (MALDI-TOF/MS)
. cPs were applied onto the MALDI target plate (Shimadzu, Kyoto, Japan) with 10 mg/ml of α-cyano-4-hydroxy cinnamic acid (Sigma-Aldrich; Merck KGaA) in 50% acetonitrile and 0.05% trifluoroacetic acid. The mass spectra of the cPs were determined with an AXIMA Confidence (Shimadzu) in reflector mode. Prior to acquiring the peptide mass spectrum of the sample, the system was calibrated with a ProteoMass Peptide & Protein MALdI-MS Calibration Kit (cat. no. MSCAL1-1KT; Bradykinin fragment 1-7, 757.3997; P 14 R, 1,533.8582; insulin oxidized B-chain, 3,494.6513; Sigma-Aldrich; Merck KGaA).
Cell culture. HaCaT immortalized human keratinocytes were purchased from CLS Cell Lines Service GmbH (Eppelheim, Germany). The cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in an atmosphere containing 5% CO 2 at 37˚C.
Cell growth assay. cells were plated at a density of 5x10 3 cells/well in a 96-well plate and grown in culture medium. The medium was changed the next day, and different concentrations of cPs were added. After 72-h treatments, the cells were incubated with the WST-8 cell counting reagent (Wako Pure chemical Industries), and the optical density of the culture solution was measured at 450 nm with an ELISA plate reader.
Protein preparation. HaCaT cells were plated in a 60-mm dish at a density of 2x10 5 cells per dish and grown in culture medium. The medium was changed the next day and cPs were added. After 72-h treatments, the cells were solubilized in urea lysis buffer (7 M urea, 2 M thiourea, 5% CHAPS, 1% Triton X-100). The protein concentration was measured with the Bio-Rad Protein Assay (cat. no. 5000006JA; Bio-Rad Laboratories, Hercules, CA, USA).
In-solution trypsin digestion. The gel-free digestion method was applied as described previously (36) . In brief, 10 µg protein extract from each sample was chemically reduced by adding 45 mM dithiothreitol and 20 mM tris(2-carboxyethyl)phosphine. Subsequently, the protein was alkylated with 100 mM iodoacetamide. After the alkylation, the samples were digested with mass spectrometry grade trypsin gold (Promega corp., Madison, WI, USA) at 37˚C for 24 h. Next, the digests were purified with PepClean C-18 Spin Columns (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol.
Liquid chromatography tandem MS (LC-MS/MS) analysis for protein identification.
Peptide samples (~2 µg) were injected into a peptide L-trap column (chemicals Evaluation and Research Institute, Tokyo, Japan) with an HTC PAL autosampler (cTc Analytics, Zwingen, Switzerland). The peptides were separated further in a Paradigm MS4 (AMR Inc., Tokyo, Japan) with a reverse-phase c18-column (L-column, 3-µm-diameter gel particles and 120 Å pore size, 0.2x150 mm, chemicals Evaluation and Research Institute). The mobile phase consisted of 0.1% formic acid in water (solution A) and acetonitrile (solution B). The column flow rate was 1 µl/min with a concentration gradient of 5% B to 40% B over 120 min. Gradient-eluted peptides were analyzed with an LTQ ion-trap mass spectrometer (Thermo Fisher Scientific, Inc.). The results were acquired in a data-dependent manner, where MS/MS fragmentation was performed on the two most intense peaks of each full MS scan.
All MS/MS spectral data were entered into a search for comparisons against the SwissProt Homo sapiens database with the Mascot tool (version 2.4.01; Matrix Science, London, UK). The search criteria were as follows: Enzyme, trypsin; with the following allowances: Up to two missed cleavage peptides; mass tolerance, ±2.0 kda; MS/MS tolerance, ±0.8 kda; and cysteine carbamidomethylation and methionine oxidation modifications.
Semiquantitative analysis of identified proteins. The fold-change in expression was calculated as the log 2 of the ratio of protein abundances (Rsc), evaluated by spectral counting (37) . For comparison, the relative amounts of identified proteins were calculated using the normalized spectral abundance factor (NSAF) (38) . differential expression of proteins were considered significant when the Rsc was >1 or <-1, which corresponded to fold-changes of >2 or <0.5, respectively.
Bioinformatics. The function of proteins that exhibited a significant change in expression with cP treatment was investigated. These sequences were processed by examining their functional annotations in the database for Annotation, Visualization, and Integrated discovery (dAVId) version 6.8 (http://david.abcc.ncifcrf.gov/home.jsp) (39) (40) (41) .
Western blot analysis. Total protein (5 µg) that had been extracted from cP-treated cells was added to each well of an SDS-PAGE gel and electrophoresis was performed under reducing conditions. The separated proteins were transferred to polyvinylidene fluoride membranes (Merck KGaA) for 30 min at 15 V. After blocking in TBS-Tween-20 (0.1%) buffer with 5% skimmed milk for 2 h at room temperature, the membranes were incubated with an anti-calpain 1 antibody (1:1,000 dilution; cat. no. 2556; Cell Signaling Technology, Inc., Beverly, MA, USA) at 4˚C overnight. The membranes were then washed and incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin (Ig)G antibody (cat. no. A106PU; American Qualex, San clemente, cA, USA) at room temperature for 1 h. The blots were washed and visualized with SuperSignal West dura Extended duration substrate (Thermo Fisher Scientific, Inc.). The bands were analyzed with the myECL Imager system (version 2.0; Thermo Fisher Scientific, Inc.). Next, the membranes were stripped by Restore Western Blot Stripping buffer (Thermo Fisher Scientific, Inc.), and the same membranes were re-probed with an anti-β-actin antibody (1:5,000 dilution; cat. no. sc-47778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight, which served as the protein loading control. The intensities of calpain-1 and β-actin were quantified with myImageAnalysis software (version 2.0; Thermo Fisher Scientific, Inc.). The relative quantities of calpain-1 over β-actin were used to evaluate calpain-1 expression under different conditions. All western blot analyses were performed as three independent experiments. Statistical analysis. All data are presented as the mean ± standard error of the mean. The data were analyzed by one-way analysis of variance followed by dunnett's test or the unpaired Student's t-test for two groups. P<0.05 was considered to indicate a significant difference. Computations were performed with GraphPad Prism version 5.1 (GraphPad Software Inc., La Jolla, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR

Results
Tryptic digestion of collagen from soft-shelled turtle. collagen extracted from soft-shelled turtle was digested with trypsin to obtain cPs with molecular weights of <3.5 kda. The collagen digestion was monitored by extracting samples at different time-points. The samples were separated on a 15% tricine-SDS-PAGE gel (Fig. 1A) . After 1 h of trypsin digestion, bands that corresponded to collagen or cPs at around 42 kda were observed ( Fig. 1A ; black square). After 96 h, these bands completely disappeared (Fig. 1A) . The molecular weight distribution of the digested cPs was evaluated using MALdI-TOF/MS. The results indicated that the collagen was digested to cPs with a molecular weight of <4.0 kda, and most cPs had mass-to-charge (m/z) ratios of 800-2,500 (Fig. 1B) .
Cytotoxicity of CPs to HaCaT cells.
To examine the possible cytotoxic effects of CPs on HaCaT cells, it was assessed whether the cell growth rate was affected when the cells were grown in culture medium containing cPs at concentrations of 0.1-100 µg/ml. The results indicated that cPs did not inhibit the HaCaT cell growth rate at any of the tested concentrations (Fig. 2) . Therefore, the cPs were used at a concentration of 100 µg/ml in the subsequent experiments.
Identification and semi-quantitative comparison of differentially expressed proteins in CP-treated HaCaT cells.
Next, the potential effect of cPs on cells in the basal layer of the skin was investigated by treating HaCaT cells with CPs. To determine the molecular profile of proteins that are regulated by cPs, a shotgun proteomics approach was used. A label-free semi-quantitative method based on spectral counting was utilized to evaluate the proteins expressed in HaCaT cells. The Rsc values were calculated for proteins that had been identified in CP-treated HaCaT cells and untreated cells. A positive value indicated increased expression by cP-treatment and a negative value indicated reduced expression by cP-treatment ( Fig. 3 ; light grey area). For each protein that had been identified in CP-treated HaCaT cells and untreated cells, the NSAF value was also calculated ( Fig. 3 ; black bars; peptides, grey bar; control). Proteins with a >1 and <-1 Rsc value were considered candidate cP-regulated proteins.
Based on this semi-quantitative procedure, a total of 211 proteins that were differentially expressed with cP treatment were identified (Table I ). The expression of housekeeping proteins, including β-actin and GAPDH, was not altered by cP treatment.
Functional annotation of proteins regulated by CPs.
A gene ontology (GO) analysis of the candidate CP-regulated proteins was then performed. GO terms associated with 'pathway' (Fig. 4A ) and 'molecular function' (Fig. 4B) were searched for in DAVID. The search focused on proteins classified as 'protein processing in endoplasmic reticulum' (Table II) .
Effect of CP on calpain-1 expression in HaCaT cells.
To confirm that cP treatment altered caipain-1 expression, caipain-1 protein levels were examined in CP-treated HaCaT cells. It was identified that caipain-1 expression was significantly increased with cP treatment compared with that in control cells (Fig. 5) .
Effect of CP treatment on the expression of inflammatory factors in HaCaT cells.
To investigate whether the cP-induced increase in calpain-1 expression was associated with the expression of inflammatory cytokines in HaCaT cells, expression levels of IL-1α, IL-6, IL-8 and TNF-α were examined (Fig. 6) . Although CP-treated HaCaT cells tended to exhibit increases in IL-1α expression (Fig. 6A) , the change was not significant (P= 0.0781). However, IL-6 expression was significantly decreased in HaCaT cells treated with CP, and by contrast, IL-8 expression was significantly increased with CP treatment (Fig. 6B and C) . Finally, CPs had no effect on TNF-α expression (Fig. 6d) .
Discussion
In the present study, a gel-free Lc-MS-based proteomics approach was used to examine the functional effects of soft-shelled turtle cPs on human skin cells. A total of 211 proteins that exhibited >2-fold changes in expression after CP treatment were successfully identified in HaCaT cells, based on a semi-quantitative method of spectral counting. To examine the roles of these identified proteins, a GO analysis was performed. The study focused on the functions of proteins classified as 'protein processing in endoplasmic reticulum', as they have important roles in the synthesis of correctly folded proteins and in the degradation of misfolded proteins. The function of calpain-1, which is a member of this pathway, was also examined.
To validate the spectral counting results, a western blot analysis was performed to examine whether calpain-1 (47, 48) . It has an important role in various biological processes, including cell proliferation, cell migration, apoptosis and cytoskeletal remodeling (49, 50) . Therefore, calpain is considered a therapeutic target for disorders involving inflammation, wound healing and tumor progression. A previous study reported that downregulation of calpain-1 expression in IgE-activated mast cells led to a reduced expression of cytokines, including IL-6 and TNF-α. Thus, they concluded that calpain-1 may regulate IgE-mediated allergic inflammation (51). Another study indicated that downregulation of calpain-1 expression in lung fibroblast cells also reduced the expression of cytokines, including IL-6, IL-8, and TNF-α (52). Furthermore, calpain-1 knockout mice exhibited impaired bactericidal activity in an acute bacterial peritonitis model, due to a reduction in IL-1α production (53) . Therefore, calpain-1 is considered a key factor in the immune response through its regulation of inflammation. Accordingly, it was hypothesized that CP-induced increases in calpain-1 expression in HaCaT cells may affect the expression of inflammatory cytokines in keratinocytes. The present results support this hypothesis. Therefore, cP treatment may regulate the immune system in the setting of skin wounds.
In the present GO analysis in the category molecular function, several proteins classified as 'cadherin binding involved in cell-cell adhesion' exhibited altered expression with cP treatment. A previous study by our group reported that in HaCaT cells, these proteins were changed by treatment with collagen derived from soft-shelled turtle. Furthermore, it was observed that changing the expression of these proteins enhanced the wound healing properties of HaCaT cells by inducing EMT (34) . In the present study, it was revealed that cP treatment was associated with >2-fold increases in ceramide synthase 2 expression in HaCaT cells compared with that in control cells (Table I) . ceramide is an epidermal sphingolipid that has important roles in maintaining the skin barrier and supporting wound healing processes (54-56). The present result is similar to previous ones reported for collagen derived from soft-shelled turtles and for cPs derived from other origins (25, 31, 32, 57) . It is therefore suggested that cPs from soft-shelled turtles may facilitate wound healing. Although the present study suggested that cPs from soft-shelled turtles may be a useful material for pharmaceuticals and medical products, it remains elusive whether these cPs affect the wound healing processes in keratinocytes in vivo. Of note, certain CP-regulated inflammatory cytokines including IL-6 and IL-8 were not been investigated to determine their potential effects on the wound healing process in keratinocytes. Further in vitro and in vivo studies are necessary to clarify the effect of cPs from soft-shelled turtle on wound healing and the role of CP-regulated inflammatory cytokines in keratinocytes. In addition, it is also necessary to investigate the correlation between the expression of calpain-1 and inflammatory cytokines in CP-treated keratinocytes.
In conclusion, the present shotgun Lc/MS-based global proteomic analysis revealed that cP treatment regulated the expression of inflammatory cytokines in HaCaT cells and induced the expression of proteins associated with cell-cell adhesion and skin barrier maintenance. Therefore, cPs from soft-shelled turtles may provide significant benefits in maintaining the biological environment of the skin. These peptides may be a useful material for pharmaceuticals and medical products. 
